Abstract
Introduction
Brazil is a country with intense agricultural activity and stands out in the international market in terms of the production and export of poultry products, especially chicken. According to the Brazilian Association of Animal Protein -ABPA (Associação Brasileira de Proteína Animal, 2015) , total Brazilian production of chicken meat stands at 12.69 million tons in 2014, of which, 32.3% was destined for exportation. Additionally, Brazilian exports of chicken products for the same year exceeded the exports of the United States of America, China and the European Community. Given the economic importance of this commodity to the Brazilian economy, studies to monitor the quality and/or nutritional characteristics of chicken meat are extremely relevant. This poultry meat is also an important source of several nutrients for the humans namely proteins, amino acids, lipids and some trace elements such as Cu, Fe, Mn and Zn. Among these micronutrients, Fe content was investigated due to its high importance in overall health and nutrition. This essential element is found in animal tissues including muscle and viscera, as well as in plant, such as beans and other pulse crops (López & Martos, 2004) .
In food, Fe is found in two chemical forms: heme-iron or ferrous, Fe (II) and non-heme iron or ferric, Fe (III). Heme iron is present in beef, fish and poultry, especially in their muscle and viscera, and usually has a higher bioavailability than ferric iron because the former does not interact with absorption inhibitors compounds such as phytates and Ca present in the gastrointestinal tract (Azevedo & Chasin, 2003; Grotto, 2008) .
Many biological processes are mediated by enzymes that require iron as a cofactor, including cytochromes for electron transport in the respiratory chain, cytochromes P 450 involved in the detoxification of foreign substances in the liver, the synthesis of steroid hormones and bile acids, DNA synthesis, as well as signal controlling in some neurotransmitters such as serotonin and dopamine in the brain.; Furthermore, most of the iron in the organism is bound to hemoglobin in the blood and myoglobin in muscle tissue, which are responsible for oxygen transport and storage respectively (Azevedo & Chasin, 2003) . Iron deficiency is considered a serious global health problem that affects a great part of the population, mostly in developing countries. In Brazil, The Brazillian Health Regulatory Agency, ANVISA, based on the World Health Organization`s recommendations, established the daily intake of this element for various population groups: adults (14 mg Fe/day), pregnant (27 mg Fe/day) and lactating (15 mg Fe/day) women who require higher values (Brasil, 2005) Due to the critical role of iron in human nutrition, it is necessary to determine the total concentration in food as well as the quantity that is available for absorption in the gastrointestinal tract. This quantity is frequently denominated as the bioaccessible fraction (Peixoto et al., 2013) . Most studies, however, involve the determination of total iron in food stuffs and cannot provide this important piece of nutritional information.
The bioaccessibility of an element can be realized by in vivo tests, using experimental animals or even humans, or in vitro experiments. Ethical concerns and higher costs have been a (Peixoto et al., 2013) . In such cases, many in vitro methods can be found in the literature to obtain bioaccessible and bioavailable fractions for metals from foodstuffs (Miller et al., 1981; Luten et al., 1996; Cámara et al., 2005; Purchas et al., 2006; Kulkarni et al., 2007; Hur et al., 2011; Ramos et al., 2012) . In these studies, a great challenge is to simulate all physiological conditions within the human organism as well as the sequence of events that occur during the digestion of food. Factors such as temperature, peristaltic movements, pH, residence time and enzymatic composition of digestive fluids (gastric juice, bile and duodenal fluid) are extremely important to reproduce in vitro all the events that occur in vivo (Hur et al., 2011) .
Multivariate approach to assess in vitro Fe bioaccessibility in chicken meat
Studies with respect to the bioaccessibility of mineral elements in various types of food are plentiful in literature (Miller et al., 1981; Luten et al., 1996; Cámara et al., 2005; Purchas et al., 2006; Kulkarni et al., 2007; Hur et al., 2011; Maulvault et al., 2011; Koch et al., 2011; Ramos et al., 2012 , Peixoto et al., 2013 Stelmach et al., 2014; Silva et al., 2015; Pereira et al., 2016 ) but are particularly rare concerning chicken products. Despite the amount of in vitro bioaccessibility studies, there is one paper that suggests a consensus (Minekus et al., 2014) for this type of experiment to be applied to food matrices (foods in general). However, especially for chicken meat, there is still no available results regarding this procedure. One important parameter relates to pepsin concentrations, the principal proteolytic enzyme in the stomach. As such, it is necessary to determine if the experimental conditions utilized in these in vitro studies achieve conditions as similar as possible to in vivo situations.
Furthermore, very few works on this topic are found in the Brazilian literature (Nascimento et al., 2010; Peixoto et al., 2013; Silva et al., 2015; Pereira et al., 2016) In this sense, it is important the development of studies regarding the bioaccessible fractions of nutrients in food widely and routinely consumed in Brazil, such as chicken meat. Additionally, the contents of a mineral micronutrient such as iron can be influenced by several factors in meat such as the breed, age, sex and nourishment of the animal (Olivio, 2008) . In this context, routine analysis and monitoring of chicken meat produced and commercialized in Brazil is relevant to evaluate some nutritional aspects related to its consume such as iron bioaccessible fractions. The aim of the present work was to develop an in vitro method for the estimation of the bioaccessible fraction of iron in chicken meat after a home cooking procedure and to determine, using a 3 2 factorial design approach, which variables affects these values.
Materials and methods

Apparatus and reagents
All materials were washed in neutral soap (Prolab), soaked in 10 % (v/v) nitric acid for 24 hours and then washed with deionized water prior to use. Deionized water was obtained with a Mili-Q System (Millipore, Bedford, MA, USA).
A 1,000 µg mL -1 Fe solution (Chemis High Purity, Jundiai, SP, Brazil) was used to prepare standard solutions with concentrations between 0.5 and 4.0 mg L -1 . A microwave oven from Berghof (model SpeedWave Four, Eningen, BW, Germany) was used for the acid digestion employing HNO 3 65% m/v P.A. (Vetec, Rio de Janeiro, RJ, Brazil), for total iron determination.
The materials used for cooking the samples were a stove (Atlas, Instruterm, São Paulo, SP, Brazil), liquefied gas (Supergasbras, model P13, Betim, MG, Brazil), an infrared digital thermometer (Instrutherm, TI 860, São Paulo, SP, Brazil), garlic (Oishii, São Paulo, SP, Brazil), kitchen salt (Cisne, Cabo Frio, RJ, Brazil), soybean oil (Soya, Rio Grande, RS, Brazil), a handcrafted iron skillet and a wooden spoon, bought at local grocery store.
For iron in vitro bioacessibility evaluation the following materials were used: a thermostatic bath (SOLAB, model Dubnoff SL-157/22, Piracicaba, SP, Brazil), centrifuge (Hettich Technology Universal model 320, Tuttlingen, BH, Germany), a 10 mL disposable syringe (Descarpack Slip, Joinville, SC, Brazil), pH indicator paper (J. Prolab, São Paulo, SP, Brazil), a 0.45 µm, surface modified PTFE filter (Millex LCR, Darmstadt, HE, Germany), and the following solutions: Reagent grade HCl 38%, NaHCO 3 (Isofar, Duque de Caxias, RJ, Brazil), NaOH (Vetec, São Paulo, SP, Brazil), Pepsin from porcine gastric mucosa (Sigma Aldrich, St. Louis, MO, EUA), Pancreatin from porcine pancreas (Sigma Aldrich, St. Louis. A Thermo Scientific atomic absorption spectrometer, model SOLAAR M5 (Thermo Scientific, China) equipped with deuterium background correction were used for all iron determinations. An iron hollow cathode lamp was used as the radiation source (248.3 nm) with 10 mA of electric current. Other instrumental conditions were a bandpass of 0.2 nm, burner height of 7.0 cm and a gas mixture of air/C 2 H 2 (C 2 H 2 rate: 1.2 L min -1 ).
Acquisition and cooking of samples
Meat samples acquired in this work were chicken breast and chicken liver 1,000 g of chicken breast were acquired at two different local markets (Chicken breast A and B), totaling 2,000 g. Chicken breast A was used for the 3 2 factorial design and Chicken Breast B for evaluation of the bioaccessibility method. In this specific case, skin, visible fat and bones were manually removed with a stainless steel knife, and then the samples were cut into small pieces. Furthermore, an amount of 1,000 g of chicken livers were purchased at a local market and cut into small pieces before the cooking procedure.
In order to evaluate the bioaccessibility of iron in chicken meat, we proceeded with a domestic cooking simulation procedure in the laboratory under controlled conditions. For this purpose, approximately 200 g (randomly selected) of each type of meat sample was spiced with about 4 g of kitchen salt and 3 g of crushed garlic. Then, approximately 10 g of soybean oil was added to the iron pot, which was heated on a domestic stove up to 250 °C. This temperature was measured with an infrared digital thermometer. After that, each spiced sample was separately added to the iron pot and cooked for about 15 minutes, with two tap water additions, totaling a volume of 140 mL. After this step, the cooked samples were prepared for analysis. Residual liquids and cooked samples were transferred to a domestic blender and crushed. The Fe content were also measured in the blank solution containing both the water and the spices employed to the cook procedure and used to determine background Fe concentration The cooked samples were dried in a vacuum oven at (70 ± 1) °C for 72 h, milled again and then placed in plastic flasks that were stored at room temperature (± 25 °C).
Between cooking of the different sample types, the iron pot was washed with neutral soap, tap water and dried at room temperature. Abrasive products were avoided.
3 2 Factorial design
Since the studies in the literature does not provide a standard method for determining the factors that significantly affect iron bioaccessibility in chicken meat, especially in terms of pepsin concentrations in gastric stage of the digestion, in this work we evaluated how the variables "sample mass" and "pepsin concentration" affect the iron bioaccessibility fractions. In this context, the concentration of pancreatin and bile salt solutions were fixed at (2.5 and 0.4 w/v%, respectively) as reported by several works (Miller et al., 1981; Cámara et al, 2005; Hur et al., 2011) and the sample mass (X 1 ) and pepsin concentration (X 2 ) were evaluated at three different levels, using a 3 2 factorial design (View item 1 in Supplementary Material for detailed information).
11 random experiments were conducted, in triplicate at the central point, to evaluate experimental error and the statistical significance of the variables. The assessed levels for pepsin concentrations were based on the method developed by Miller et al., 1981 (central point) , the most cited work on the subject, and other papers that used 6% w/v (Cámara et al., 2005; Kulkarni et al., 2007) and 26% w/v concentrations (Purchas et al., 2006) low (-1) and high (+1) levels, respectively.
Chicken breast sample (A) subjected to same home cooking procedure as described above was used for multivariate analysis. The samples (2.5; 5.0 and 7.5 g) were weighed and mixed with 25.00 mL of 0.01 M HCl solution. The pH was adjusted to 2.0 by drop wise additions of 1.0M HCl and 3.2 mL of pepsin (in 0.1M HCl) solution, at different concentrations (6, 16 and 26% w/v). This step was used to simulate of the gastric stage of human digestion. These mixtures were then incubated in a thermostatic bath with mild agitation (level 5) at 37 ºC for 2 hours.
After this time, the pH of the solutions were adjusted to 7.0 by drop wise additions of NaOH 5.0 M solution and 5.0 mL of pancreatin and bile salts (in 0.1M NaHCO 3 ) solution. This second step constituted the gastro-intestinal digestion simulation. These solutions were incubated again for more 2 hours, being submitted to the same heating and agitation conditions described before.
At the end of the simulated digestion, the obtained digests were cooled to room temperature to reduce the enzymatic action and were then centrifuged at 5000 rpm for 15 minutes. After centrifugation, the soluble (chyme) and insoluble (pellet) digested fractions were separated. Next, the soluble portion was filtered through a 0.45 µm Millipore  membrane filter and stored in decontaminated plastic flasks, under refrigeration (0-4 ºC) for 12 h, until analysis by FAAS.
In this case, the spectrometer calibration was performed between 0.50-4.0 mg L -1 using aqueous iron solutions in 1 % v/v HNO 3 . To evaluate the fit of the model curve, ANOVA tests were performed. Microsoft Office  Excel 2010 software was used for the statistical analysis while Origin Pro  8.0 was used for plotting the curve.
Total iron determination
In order to determine total iron levels in the chicken meat samples, approximately 250 mg of dried breast or liver samples were mixed with 6.00 mL of 7.0 M HNO 3 solution and left for 30 minutes in predigestion. Then, the acidified samples were digested in a microwave oven under the following heating conditions: 200 ºC, ramp 15 min, hold time 30 min (Power = 1200 W). After cooling, the samples were transferred to 25.00 mL volumetric flasks and the volume was made up with deionized water. This procedure was also applied to a reference material (NIST 1546-Meat Homogenate) to evaluate the accuracy of the procedure.
Figures of merit
The accuracy of the developed method was evaluated by analysis of a reference material (NIST 1546-Meat Homogenate). Precision was assessed by monitoring the residual standard deviation (RSD) and the limits of detection (LOD) and quantification (LOQ) were also calculated according to IUPAC recommendations (Harris, 2005) . To provide a measure for the sensitivity of the analyte under selected conditions the characteristic concentration approach was calculated (Welz, 1999) . Linear work range and linearity were also determined using parametric statistical tools.
Results and discussions
Iron determination: statistics of the analytical curve
The equation of the best fit linear regression curve was y = 0.03483(±0.0003)Fe + 0.0048(±0.0008) using the standard linear least squares method. Statistical assumptions, within 95% confidence interval such as, lack of fit and residues normality were evaluated. ANOVA was applied to verify the fit model of the Fe calibration curve. If the model is well adjusted, the quadratic average will reflect just the random errors (Harris, 2005; Barros et al., 2007) . (View item 2 in Supplementary Material for detailed information).
Samples analysis: determination of total Fe concentration
Analytical data for both cooked chicken meat and NIST 1546 reference material (Meat Homogenate-a mixture of both chicken and pork meat) are given in Table 1 . Chicken liver presents higher total iron levels than the samples of chicken breast and these experimental values are in agreement with those reported elsewhere (Franco, 1992) .
The total concentrations were obtained from three independent experiments and the quoted uncertainties correspond to a 95 % confidence interval. The good agreement between the determined and certified values for iron concentrations indicates that the method presents adequate accuracy, with an analytical error less than 5 %.
The instrumental and method LOD and LOQ, the fit of the analytical curve and the characteristic concentrations for the analyte were also evaluated. The method LOD and LOQ were equal to 1.2 and 3.5 mg kg -1 , respectively, and were smaller than those obtained by Souza et al. (2013) , that employed diluted nitric acid solution (3.5 M) for the determination of Fe in pâté samples. ). On the other hand, all the measurements presented an adequate RSD, with values below 5 % in most cases.
3
2 Factorial design Table 2 shows the codified matrix containing the factors, experimental levels and the response data obtained for the iron bioaccessible fractions, for each experiment related to the 3 2 factorial design employed.
The iron bioaccessible fraction was obtained from Equation 1 and was calculated based on the iron concentration that was extracted from cooked chicken meat samples via the in vitro digestion method. Thus, the soluble Fe content represents the concentration of Fe present in the chyme, while the total content represents the Fe concentration obtained in the samples after the acid digestion. In a factorial design, it is assumed that the experimental variables and their interactions influence the obtained response. The data were treated based upon matrix operations using the matrix coefficients coded X, and the response, Fe bioaccessible content (mg kg 
The fit model was evaluated by ANOVA and no evidence of lack of fit at 95% confidence interval was observed. (See item 1 in Supplementary Material for detailed information) . Thus, this model can be used to predict the optimum factors for the determination of the Fe bioaccessible fraction in chicken meat, taking into account the surface response study (Figure 1 ).
This optimization aims to simulate, in vitro, human digestion which is a complex biological system. As such, the maximal analytical response for iron was not of primary concern. Our principal objective was to discover conditions that reproduce this complex process in terms of analyte availability using concentrations of the enzymes encountered physiologically in the gastrointestinal medium.
The best conditions were selected by comparing the experimental results with iron bioavailability data reported in the literature, the range between 20-30 % (Grotto, 2008) , which is in agreement with the results provided by some of our experimental conditions. Therefore, combining this information with analysis costs and considering the fact that the cost of pepsin is not negligible, the conditions of Experiment 3 (X 1 = 7.5 g and X 2 = 6 % w/v) were selected as the best to determine the iron bioaccessible fractions in cooked chicken breast. The pepsin concentration employed in this experiment is compatible with those utilized in others works that simulate human digestion (Cámara et al., 2005; Kulkarni et al., 2007) .
The selected conditions were applied to determine the bioaccessible Fe content in other cooked chicken meat samples. Chicken Breast is one of the most consumed poultry products in Brazil. Chicken liver, also used for preparation of other products such as pâté and sausages also is of significant importance (Bressan et al., 2004) . The optimized in vitro method to evaluate Fe bioaccessibility in chicken breast is depicted in Figure 2 .
In the absence of a CRM (Certified Reference Material) to evaluate the accuracy of bioaccessible methods and considering that chicken meat has a complex matrix, the standard additions method was applied for calibration, which was made in triplicate. Characteristic concentration was calculated to estimate the sensitivity. LOD and LOQ values were also determined. Results are expressed as confidence interval at 95 % of confidence from three authentic repetitions. X1: sample mass, g: (-1) = 2.5; (0) = 5.0; (1) = 7.5. X2, pepsin concentration, % w/v: (-1) = 6%; (0) = 16%; (1) = 26%. The experiments were made randomly. = 0.9976) was observed along the working range used for both chicken meat samples.
The values obtained for LOD, LOQ and characteristic mass for the Fe bioaccessible fractions were acceptable but higher than those obtained in the acid digestion method. This can be related to the chyme composition, which is a medium with a higher content of dissolved solids, present as organic material, inorganic salts and enzymes. This high content of dissolved solids may have an effect on the sample aspiration and analysis (Welz, 1999) . In any case, it was possible to quantify the bioaccessible iron content in the samples as the concentrations measured were higher than the method LOQ. For Chicken Breast B, the total and bioaccessible iron levels were (58.4 ± 2.6) mg kg -1 and (13.5 ± 3.6) mg kg -1 , respectively, while for liver these values were equal to (400 ± 10) mg kg -1 and (223 ± 18) mg kg -1
, respectively.
The bioaccessible fractions of Fe obtained after an in vitro digestion of chicken breast and liver samples were equal to 23 and 56 %, respectively. The value found for chicken breast is compatible with results obtained in academic research done by Menezes (2010) for this kind of meat, approximately 20 %. For chicken liver, however, there are no studies which report determinations for this type of meat. Furthermore, the results obtained in this work indicate that iron found in the chicken liver sample is more available in the gastrointestinal tract than the amount present in chicken breast. In other words, these data indicate that chicken liver may be a much better source of this micronutrient, taking into account not only the total concentration but most importantly, its bioaccessible fraction. Figure 3 shows the comparison between total and bioaccessible fractions of Fe found in the samples analyzed in this study. 
Conclusions
In this work, a procedure for the determination of iron bioaccessible fractions in chicken meat was developed and applied to two types of samples, breast and liver, which were cooked in an iron skillet as is customarily done in domestic cooking. Using a multivariate approach, it was established which variables affect, in vitro, the bioaccessible content of this element. These variables were sample mass in combination with pepsin concentrations. As a result, a robust and accurate method for the determination of iron concentrations was developed, which can be carried out directly on the chyme solutions. Moreover, through the proposed method, it was possible to optimize the mass/pepsin ratio that can be used for in vitro tests, resulting in an economy of the enzyme used to obtain a satisfactory analyte extraction. Comparing the results obtained for the different tissues, the chicken liver sample showed the highest level of total and bioaccessible iron compared to the chicken breast samples. This would confirm that liver is, in fact, a good source of iron.
